We propose a realization of mass varying neutrino dark energy in two extensions of the Standard Model (SM) with a dynamical neutrino mass related to the acceleron field while satisfying the naturalness. In the first scenario the SM is extended to include a TeV scale scalar Higgs triplet (ξ) and a TeV scale second Higgs doublet (η), while in the second scenario an extension of the SM with fermion triplet (Σ) is considered. We also point out the possible leptogenesis mechanisms for simultaneously generating the observed baryon asymmetry of the universe in both the scenarios and discuss the collider signatures for the TeV scale new fields which make these models testable in the current run of LHC.
We propose a realization of mass varying neutrino dark energy in two extensions of the Standard Model (SM) with a dynamical neutrino mass related to the acceleron field while satisfying the naturalness. In the first scenario the SM is extended to include a TeV scale scalar Higgs triplet (ξ) and a TeV scale second Higgs doublet (η), while in the second scenario an extension of the SM with fermion triplet (Σ) is considered. We also point out the possible leptogenesis mechanisms for simultaneously generating the observed baryon asymmetry of the universe in both the scenarios and discuss the collider signatures for the TeV scale new fields which make these models testable in the current run of LHC.
Evidences from the astrophysical observations suggest that out of the total mass-energy budget of the universe, the baryonic and dark matter together account for only about 30% while the remaining 70%, referred to as dark energy, is attributed to the accelerated expansion of the universe and remains a challenge to explain. While the existence of a scalar field called quintessence provides an explanation, a striking proximity of the effective scales of neutrino masses and the dark energy points to a connection between them, realized in the neutrino dark energy (νDE) models. To this end, several approaches have been used in the literature. In some scenarios, a direct connection through the formation of neutrino condensate at a late epoch of the early universe using the effective selfinteraction has been explored [1] . While another class of models invoke the variation of neutrino masses to dynamically obtain the dark energy [2] [3] [4] [5] [6] . In this Letter, we will focus on this latter approach.
The atmospheric, solar and reactor neutrino oscillation experiments have confirmed the existence of tiny but nonzero masses of neutrinos (∼ 10 −2 eV). An attractive explanation of neutrino masses employs the seesaw mechanism [7] , giving rise to naturally small Majorana or Dirac masses of neutrinos. In addition, the baryon asymmetry of the universe can be generated through leptogenesis [8] in the framework of the seesaw scenario. In the original νDE models, the Standard Model (SM) is extended to accommodate singlet right-handed neutrinos (N i , i = 1, 2, 3) giving a Majorana mass to light neutrinos. The Majorana mass of the right-handed neutrinos are made to vary with the acceleron field, connecting the light neutrino masses with the scale of dark energy. However, the naturalness requires the Majorana masses of the right-handed neutrinos to be in the eV range, in contradiction to the expected scenario of a very heavy M Ni triggering the canonical seesaw mechanism. In Ref. [5] , it was pointed out that the above problem can be avoided if the SM is extended to include triplet Higgs scalars. However, in such a scheme the coefficient of the trilinear scalar coupling with mass dimension varies with the acceleron field and this predicts the mass scale of the triplet Higgs scalars to be close to the electroweak symmetry breaking scale (of order 100 GeV), which has not been observed at the LHC so far.
The purpose of this Letter is to point out two ways to get around the above constraint, while simultaneously explaining the observed baryon asymmetry of the universe. One way is to add some additional scalar field to push the additional scalar field masses to TeV scale, readily testable at the current run of LHC. Another way is to add fermion triplets instead of scalar triplets and utilize the type III seesaw scheme.
First we propose a realization of mass varying neutrinos in an extension of the usual triplet Higgs model which includes a second Higgs doublet (η) in addition to the SM Higgs doublet (Φ) and Higgs triplet (ξ), but no right-handed neutrinos [9, 10] . In this scenario both the additional Higgs fields are of TeV scale and the smallness of neutrino mass comes from the lepton number breaking scalar sector. This model has highly predictive collider signatures and thus it can be right away put to test in the current run of LHC. Next we propose a new model of νDE utilizing an extension of the SM with fermion triplet (Σ + , Σ 0 , Σ − ) R , where the neutrino mass is dynamical and related to the acceleron field. This model can naturally give the correct energy scale associated with the neutrino mass and it provides a rich TeV scale phenomenology, testable at the LHC. We also point out possible leptogenesis mechanisms for simultaneously generating the observed baryon asymmetry of the universe in both the models.
By extending the SM to include a heavy Higgs triplet (ξ ++ , ξ + , ξ 0 ) with trilinear couplings to both the lepton doublet L i = (ν i , l i ) and the Higgs doublet Φ = (φ + , φ 0 ), one can realize the unique dimension-five effective operator [11] 
obtained by integrating out the heavy degrees of freedom (with mass much larger than the ordinary SM particles) associated to a characteristic heavy mass scale Λ.
Thus the neutrinos, massless in the minimal SM, acquire small Majorana masses. The relevant interaction terms are given by
whereΦ = (φ 0 , −φ − ). The above interaction terms give [9] (M ν ) ij = 2f ij µ φ
Thus it follows that if µ is a function of the acceleron field A i.e. µ = µ(A), then the mass varying neutrinos can be realized for m ξ of the order of the electroweak scale. However, if the νDE is indeed realized through the Higgs triplet, then at least ξ ++ should have been observable at the LHC. Thus it is worth exploring if such a Higgs triplet can be schemed to have a mass of TeV scale in light of the current run of LHC.
Model A: In presence of the additional Higgs doublet η in the above scheme, the neutrino masses come from the Higgs triplet ξ (with lepton number assignment L = −2) and its interaction with η (carrying lepton number L = −1) [10] . The most general lepton number conserving scalar potential is given by Next we define vacuum expectation values (VEVs) of the scalar fields to be φ 0 = v 1 , η 0 = v 2 and ξ 0 = v 3 . Now minimization of the potential with respect to the various Higgs fields give the consistency conditions and the relations between the different VEVs, which can be solved assuming m 
). (7) Thus taking m 2 , m 3 and µ to be M ∼ TeV we have
Consequently, it follows that u v 2 v 1 and
For v 1 ∼ 10 2 GeV and µ 1 ∼ 1 GeV we have v 2 ∼ 0.1 MeV and v 3 ∼ 10 −2 eV, which gives the correct order of magnitude for neutrino mass (m ν ) ij = 2f ij v 3 . Thus we have a natural realization of the required small neutrino masses with TeV scale additional Higgs fields, which does not need any large extra space dimensions constraining m ξ below the cutoff energy scale. Moreover this model is much more flexible compared to the scenario with only Higgs triplet in the sense that there is no strict constraint on m ξ to be of the order of electroweak scale. Now the realization of νDE model trough mass varying neutrinos is straight forward. The idea is to make µ 1 a function of the acceleron field A, i.e. µ 1 = µ 1 (A). We will come back to the realization of νDE once we give the account of the other model below.
Model B: The extension of the fermion (lepton) sector of the SM can be realized in two ways. The basic idea is that the new lepton multiplet gains a large mass and then it mixes with the ordinary lepton doublet triggering the seesaw mechanism. The new lepton multiplet can only be a singlet or a triplet of SU (2) L . The idea of the triplet lepton representation to utilize the seesaw structure in neutrino mass matrix was first proposed in Ref. [13] , referred to as type III seesaw, which have been generalized in the context of unified theories in Ref. [14] . The simplest way to utilize type III seesaw is to add the SU (2) L triplet with zero hypercharge
to the SM, with the interaction terms
The terms related to neutrino mass matrix can be identified readily to obtain the mass matrix as
This gives the non zero neutrino masses given by
Now the neutrino masses can be connected to the dark energy by simply taking M Σ = M Σ (A), however such a scenario is constrained from naturalness. This scheme can be generalized right away by accommodating the right handed neutrinos N c i , i = 1, 2, 3 in the scenario. The most general neutrino mass matrix in such a scenario can be written as (14) where the off-diagonal terms in the third column and row correspond to the mass terms F 1ij ν i Σ 0 u and F 2ij N c i Σ 0 Ω with u and Ω being the VEVs of the corresponding Higgs fields. The realization of nonrenormalizable term giving rise to type III seesaw, by integrating out heavy fields is shown in Fig. 1 . The neutrino mass in the above scenario have two kind of contributions, given by
where the first term corresponds to a "double seesaw" contribution and the second term corresponds to the type III seesaw contribution. The relative contributions of the two kinds of terms to M ν is model dependent. To satisfy the naturalness constraints we will consider the case M N ∼ 1 eV. Now taking u ∼ v ∼ 10 2 GeV, Ω ∼ 10 4 GeV and considering the phenomenologically interesting case M Σ ∼ 10 3 GeV with verifiable implications at the current run of LHC, it follows that for F 2 10 −6 the dominant contribution to M ν in Eqn. (15) comes from the second term associated with the type III seesaw contribution and for the above set of values we obtain M ν ∼ 10 −2 eV as desired. The mass varying neutrinos can be realized by
Having given the details of the two models realizing mass varying neutrinos with desired small masses while satisfying the naturalness, we are now ready to discuss the realization of νDE where the neutrino mass (assumed to be a function of the canonically normalized acceleron field A) M ν (A) is a dynamical quantity and ∂M ν /∂A = 0 [3] . In the nonrelativistic limit, the energy density consists of the thermal neutrino (and antineutrino) background (M ν n ν ) and the scalar potential V 0 (M ν ). The effective potential can be written as
The neutrino background (driving M ν to small values) gets diluted as the universe expands and the source term decreases as a result, while V 0 is minimized for a large M ν . Thus the two terms act in the opposite directions with a minimum at some intermediate M ν with a nonzero V 0 . The minimum of the effective potential is given by
Now at any instant of time assuming the simple equation of state
it follows that
where Ω ν = M ν n ν /ρ c is the neutrino energy density and Ω A = ρ A /ρ c corresponds to the contribution of V 0 (M ν ) to the energy density, with ρ c is the critical density and a is the cosmic scale factor. Since the observed value of ω −1, Eqn. (19) implies that the energy density in the thermal neutrino background must be much less compared to the total dark energy density. This in turn suggests that the potential V 0 (M ν ) should be a flat potential. For the case where dω/dn ν is small, the relation
holds. The above considerations are independent to any specific model of neutrino mass [3] and we will use them to draw out the phenomenological consequences specific to the two models of interest.
As we have discussed above in model A, µ 1 = µ 1 (A) makes the effective mass of the neutrinos to vary. While in model B, M N = M N (A) does the same. Now for the self interactions of the acceleron field A we take the effective potential of the form 
where x = M ν ∝ |µ(A)| and a 1 , a 2 , a 3 are all positive. Now assuming M(A)/M 1 it follows that x min ∝ a 2 /a 1 implying
which gives the desired ω −1. Thus, the two models under consideration can naturally explain the νDE for TeV scale ξ, η masses in model A and TeV scale mass of the new fermion triplet Σ in model B. The TeV scale mass of these particles makes these model particularly interesting in the context of collider phenomenology at the LHC. We will come back to the implications and signatures of these two models for colliders such as the LHC, once we address the issue of leptogenesis in these two models.
In model A, the SM is extended to include scalar triplet and an additional Higgs doublet η, providing an attractive possibility of realizing a sucessful leptogenesis scenario. We start with the conventional formalism of scalar triplet leptogenesis in a hierarchical case. SU (2) L × U (1) Y is the valid gauge group at an energy scale far above the electroweak symmetry breaking. Thus it follows that if we analyze one of the three components of the triplet scalar field then the results will hold for the other two. From Eqs. (2), (4) and (6) we can read off the decay modes of ξ ++ as
The coexistence of the above decay modes implies nonconservation of lepton number, however, the lepton asymmetry generated by ξ ++ gets compensated by the decays of ξ −− , unless CP is also violated and the decays take place out-of-equilibrium. We follow the mass matrix formalism [9, 12] , where the tree level mass matrix for the triplets are assumed to be real and diagonal. Hence CP is conserved at tree level, however CP conservation occurs at one-loop level due to interference between the tree and one-loop diagrams shown in Fig. 2 . Note that, at
The tree level (left) and one-loop (right) decay diagrams for ξ ++ → l + l + . A lepton asymmetry is generated by the CP violation occurring due to the interference between them.
least two ξ's are required for CP nonconservation to occur. Following the mass-matrix formalism of Refs. [12] , the diagonal tree-level mass matrix of ξ a in Eqn. (4) is modified in the presence of interactions to
where
with Γ + ab = Γ ab and Γ − ab = Γ * ab . From the absorptive part of the one loop diagram for ξ a → ξ b we have
(27) Now for Γ a ≡ Γ aa M a , the eigenvalues of M 2 ± are given by
The physical states are given by
where a
The states ψ ± 1,2 evolve with time and decay into lepton pair and antilepton pair
, the lepton asymmetries generated are given by [9] 
For the case M 1 > M 2 , when the temperature of the universe cools down below M 1 , ψ 1 decays away to create a lepton asymmetry. However this asymmetry is washed out by lepton number nonconserving interactions of ψ 2 and the subsequent decay of ψ 2 at a temperature below M 2 sustains. The lepton asymmetry then gets converted to baryon asymmetry in the presence of the anomalous B + L violating processes before the electroweak phase transition. The approximate final baryon asymmetry generated is given by
where with the Hubble rate defined by H = 1.66g * 1/2 (T 2 /M Pl ), where g * corresponds to the number of relativistic degrees of freedom.
Other than the decays and the inverse decays of triplet scalars, one needs to incorporate the gauge scatterings ψψ ↔ FF , φφ, GḠ (F corresponds to SM fermions and G corresponds to gauge bosons) and ∆L = 2 scattering processes ll ↔ φ * φ * and lφ ↔lφ * into the Boltzmann equation analysis of the asymmetry. Including the above washout processes, it turns out that M ξ 10 11 GeV is required in order to generate the correct asymmetry [15] . However, for a quasi-degenerate spectrum of scalar triplets the resonance effect can enhance the CPasymmetry by a large amount and a successful leptogenesis scenario can be attained for a much smaller value of triplet scalar mass. A detailed analysis of the resonant leptogenesis is beyond the scope of this Letter and an account of the same can be found in Ref. [16] , where an absolute bound of M ξ 1.6 TeV is obtained for a successful leptogenesis scenario.
In model B, the type III seesaw scheme is realized and the right handed neutrino mass matrix enters in the formula for light neutrino masses compared to the type I seesaw. As a consequence, the light neutrino masses, mixing and leptogenesis are not that tightly coupled as in the case of type I seesaw, where the constraints on the right-handed neutrino mass M R can clash with the constraints coming from the textures of light neutrino masses and mixings. The advantage of the type III seesaw mechanism given in Eqn. (14) is that, instead of the three heavy Majorana neutrinos in type I seesaw, here we have six heavy Majorana neutrinos. This can give rise to three pseudo-Dirac pairs of neutrinos with one or more pairs having degenerate masses. The six heavy two component neutrinos have the form of the mass matrix given by [17] 
Now the degenerate lightest pair of pseudo-Dirac neutrinos or equivalently, two Majorana neutrinos N ± (Ñ 
The asymmetry generated by the decays of N ± is given by
comes from the absorptive part of the decay amplitude, with 
with u ij ∼ 1 and
the asymmetry can be put in the form [17] 
The lepton asymmetry of the universe is computed using
where d is the washout parameter. In this case, for a hierarchical mass spectrum of triplets the lower bound on triplet mass for a successful leptogenesis scenario is given by M Σ 3 × 10 10 [18, 19] and to have a TeV scale leptogenesis one must assume a quasi-degenerate spectrum of fermion triplets giving resonant enhancement as in the case of scalar triplets, giving TeV scale bound on M Σ [16] .
The triplet fields ξ and Σ can be produced at the LHC if their masses are of the order of TeV and therefore, LHC gives an unique opportunity to verify the mechanism of neutrino mass generation if any of these heavy states or their signatures are observed. To this end, we give a very brief summery of the production and observability of the triplet fields in the two models discussed above. A quantitative exploration of the discovery potential of these new fields is beyond the scope of this Letter and here we mainly concentrate on a qualitative account of the likely scenarios.
The members of the scalar triplet field can be produced at the LHC via the channels
In the above three channels the interactions are fixed by the triplet gauge couplings and hence the production cross sections only depend on the scalar masses. In addition to the above three channels, there are additional channels where the scalar triplet field can be produced in association with W ± or quarks 
